Abstract: Heterobasidion spp. cause economically important losses in conifer forests in the Northern Hemisphere, especially in Norway spruce stands. Freshly cut stumps are the main route for Heterobasidion spp. infection. Even small stumps of spruce seedlings are known to be susceptible to spore infection, however, very little is currently known about the susceptibility of small stumps of understory spruce to Heterobasidion spore infection. To determine the frequency of spore infections among stumps of understory trees, we analyzed 756 Norway spruce stumps in eight sample plots in eastern Latvia. Understory trees 35-68 years of age, with a stump diameter of 2-10 cm, were felled 33-48 weeks before sampling. In total, 514 (68%) of the spruce stumps were infected by Heterobasidion spores. The infection frequency among the plots varied from 56% to 86%. Both infection frequency and stump surface area occupied by Heterobasidion positively correlated with stump diameter, but neither correlated with the time span elapsed between felling and sampling. Colonization of trees by a competitor fungus, Phlebiopsis gigantea (Fr.) Jülich, was observed in 30 (4%) of investigated stumps, but did not have any effect on the frequency of Heterobasidion infections. Our data show that Norway spruce stumps can be highly susceptible to Heterobasidion spore infection. In order to control airborne Heterobasidion infections, stump treatment should be considered during the sporulation period of Heterobasidion spp.
Introduction
Heterobasidion root rot causes considerable silvicultural and economical losses in coniferous forests of the Northern Hemisphere. In Europe alone, the economic losses comprise 500-800 million euros annually [1] [2] [3] . Particularly high damage is caused in Norway spruce (Picea abies (L.) Karst.) stands, because Heterobasidion mycelium can extend for 8-11 m up the stem, decaying the most valuable wood assortments [4, 5] . In addition to the reduction of timber yield and quality, Heterobasidion root rot is a major cause of growth reduction in Norway spruce stands [6] [7] [8] . Heterobasidion root rot also increases the risk of diseased stands to storm damage, due to weakened root systems of infected trees [9, 10] . In Latvia, Norway spruce covers 17% of the total forest area [11] and ca. 22% of spruce trees are decayed [12] . In 40-120-year-old spruce stands, decay volumes comprise 19.7-91.8 m 3 ha −1 , which corresponds to 6%-16% of the total stand volumes [12] . The most serious damage occurs in fertile soils, mainly on abandoned agricultural lands, where 52% of spruces are decayed on average [13] .
In Latvia, as elsewhere in Northern Europe, Heterobasidion root rot on Norway spruce is mainly caused by Heterobasidion parviporum Niemelä & Korhonen [14, 15] . Infection of freshly cut stump surfaces by airborne basidiospores is the major route for Heterobasidion spp. to spread both into previously uninfected stands, and to create new primary infections in already diseased stands. Additionally, residual trees damaged during logging operations may become infected by Heterobasidion spores through open wounds on the roots and stem bases. However, compared to stump surface infection, infection via wounds plays a much less important role in the spread of Heterobasidion root rot [16] . From infected trees and stumps, the fungus expands vegetatively as mycelium through root contacts into neighboring trees, eventually forming disease centers in the tree stand [1, 17] . To prevent establishment of new Heterobasidion infections, stumps in commercial cuttings are commonly treated with the biological agent Phlebiopsis gigantea (Fr.) Jül or urea [18, 19] .
Even small-diameter Norway spruce trees growing in the understory of forest stands, may play a significant role in the development and spreading of Heterobasidion root rot via root contacts [20] [21] [22] [23] , and the susceptibility is most likely related to suppression by the overstory. In Latvia, 54% of the 258 analyzed understory spruce trees in Myrtillosa forest type were decayed, and 30% of the decay was caused by Heterobasidion spp. [23] . In Finland, an average of 34%-42% of understory spruce trees were infected by Heterobasidion on sites where overstory spruce trees suffered from Heterobasidion root rot. Identification of Heterobasidion genets showed that the majority of understory spruce trees were vegetatively infected from decayed overstory trees [24, 25] .
However, data about the susceptibility of small stumps of understory spruce trees to Heterobasidion basidiospore infection are scarce. Several studies carried out in even-aged Norway spruce stands have shown that although the risk of stump infection decreases with decreasing stump diameter, small stumps of young spruce trees (less than 10 cm in diameter) can also be infected by Heterobasidion spores [26] [27] [28] [29] [30] . Moreover, Gunulf et al. [31] demonstrated, with the aid of inoculation experiments, that spruce stumps as small as 2 cm in diameter are able to transfer the disease to surrounding trees. Suppressed understory trees are typically small-sized and frail, despite their high age. Thus, the stump wood is dense, with narrow growth rings and a higher proportion of heartwood compared to stumps of free-growing, non-suppressed spruce trees of the same size [32] . As yet, no information is available as to whether suppression and low tree vigor have any effect on the susceptibility of tree stumps to primary spore infection.
In Latvia, the annual area of forest stand thinning resulting in understory spruce tree stumps is ca. 44,000 ha. It is still unclear if stump treatment is justified in such thinning. The aim of the present study was to investigate natural stump infection of slow-growing understory spruce trees by Heterobasidion spores. In addition, the abundance of Phlebiopsis gigantea, which is an important competitor of Heterobasidion on the freshly exposed stump tissues, was determined in small understory stumps. We hypothesize that suppressed understory Norway spruce trees are highly susceptible to Heterobasidion basidiospore infection.
Materials and Methods
The study was carried out during June-August in 2012 and 2013 in the eastern part of Latvia (52 • 42 N/25 • 55 E). Eight sample plots from 0.5 to 1.5 ha in size were established in seven different stands. The plots were located close to each other, within a radius of 6 km. The stands consisted of monodominant Scots pine (sample plots 4 and 8), Norway spruce (sample plots 3, 5, 6, and 7), and birch (sample plots 1 and 2) in the overstory, and naturally regenerated Norway spruce in the understory. The age of the understory spruce trees varied between 35 and 68 years ( Table 1) . Healthy looking understory spruce trees (41-164 trees in each sample plot) without any visual stem or crown damage were manually felled by chain saw. Stump diameter varied from 2 to 10 cm. In one sample plot (6), however, there were many decayed stumps and fruit bodies on windthrown spruce trees, indicating the possibility of secondary infection among suppressed trees. The ca. 30-60 cm high stumps were numbered and marked with plastic bands. To avoid Heterobasidion root infection originating from infected stumps of the previous tree generation, the sample trees were situated at least two meters from old stumps. The stumps of understory trees were sampled after 33-48 weeks by cutting two 2-3 cm thick disks from the stump surface. The first (top) disc was discarded, and the second disc was taken to the laboratory for further analysis. Sample discs were debarked and washed with a stiff brush under running tap water, put into loosely closed plastic bags, and incubated for 5-7 days at room temperature. After incubation, a plastic grid consisting of 0.49 cm 2 squares was fixed onto the lower surface of the disc. Heterobasidion spp. were evaluated in stump cross-sections using a dissection microscope by the occurrence of conidiophores, the presence of P. gigantea by orange-brown coloring in the wood, and morphological characteristics of mycelium. If at least one conidiophore of Heterobasidion was visible in a grid square, it was then marked as infected. Subsequently, the area of Heterobasidion spp. infection was calculated by the number of marked grid squares. The area occupied by P. gigantea in stump cross-sections was traced onto transparent sheets and measured using a planimeter (PLANIX 10S "Marble", Tamaya, Japan). The relative occupied area of Heterobasidion and P. gigantea was calculated by dividing the area occupied with fungi by the total area of the disc. Heterobasidion was not identified to the species level.
The number of stumps infected by P. gigantea and Heterobasidion were compared using a chi-square test. Linear model (binomial regression) was used to analyze the influence of tree age, age of stumps at sampling, stump diameter, and presence of P. gigantea occurrence on the area occupied by Heterobasidion. Individual effects of the same parameters on the area occupied by P. gigantea were also analyzed. In the case of occurrence, binomial regression (logit link function) was used. Model assumptions were verified by graphical inspection. Correlations between stump diameter and area occupied by both fungi and infection frequency were calculated. Statistical analyses were performed in R Studio (R Core Team 2015).
Results
In all eight sample plots, stumps of understory spruce trees were infected by Heterobasidion spores. The infection frequency among the plots varied from 56% to 86.5%. The proportion of stumps infected by P. gigantea varied from 0 to 13.5%. On three plots, no stumps colonized by P. gigantea were found (Table 1) . Of all 756 studied spruce stumps, 68% were infected by Heterobasidion, and 4% by P. gigantea ( Table 2 ). The highest infection frequencies of P. gigantea were found in a sample plot which was sampled after a longer period compared to other sample plots (12.5%), and in a plot where Scots pine was the dominant tree species (13.5%). There were no problems with model verification. Residuals were independent and lacked any trends. Individual effects of tree age, age of stumps at sampling, stump diameter, and presence of P. gigantea on occurrence, as well as on area of Heterobasidion infection were analyzed.
No correlation was found between the area occupied by P. gigantea and Heterobasidion (r = 0.08, p = 0.67). Neither the age of the tree nor the age of the stump, i.e., the time span elapsed between cutting and sampling, had any effect on the frequency of Heterobasidion (p > 0.05) ( Table 3) . Infection frequency of stumps by Heterobasidion and P. gigantea increased with increasing stump diameter ( Figure 1 ). In the case of Heterobasidion infections, however, the correlation was not linear. Among the smallest stumps, 2-6 cm in diameter, the proportion of infected stumps increased sharply with increasing stump diameter. (Figure 1 ). In the case of Heterobasidion infections, however, the correlation was not linear. Among the smallest stumps, 2-6 cm in diameter, the proportion of infected stumps increased sharply with increasing stump diameter. The stump area occupied by Heterobasidion and P. gigantea increased with stump diameter; the increase for Heterobasidion was significant (r = 0.61, p < 0.001) (Figure 2 ). The stump area occupied by Heterobasidion and P. gigantea increased with stump diameter; the increase for Heterobasidion was significant (r = 0.61, p < 0.001) (Figure 2 ). The area occupied by Heterobasidion decreased with the age of stumps at time of sampling (p < 0.01; Table 4 ). The area occupied by P. gigantea increased with increasing age of trees (p = 0.01); the age of stumps at time of sampling had no effect on the area occupied (p = 0.10) ( Table 5 ). 
Discussion
Conifer stumps resulting from tree felling during the period when Heterobasidion spores are released are optimal targets for primary spore infection and contribute to the spread of Heterobasidion root rot in residual forest stands [1] . The amount of airborne Heterobasidion inoculum at the time of tree felling is the most crucial factor determining the incidence of infection and percentage of stump surface area colonized [33] [34] [35] . In the present study, no quantitative measure of spore deposit was performed. However, the high infection rates indicate that the airborne spore concentrations were The area occupied by Heterobasidion decreased with the age of stumps at time of sampling (p < 0.01; Table 4 ). The area occupied by P. gigantea increased with increasing age of trees (p = 0.01); the age of stumps at time of sampling had no effect on the area occupied (p = 0.10) ( Table 5 ). 
Conifer stumps resulting from tree felling during the period when Heterobasidion spores are released are optimal targets for primary spore infection and contribute to the spread of Heterobasidion root rot in residual forest stands [1] . The amount of airborne Heterobasidion inoculum at the time of tree felling is the most crucial factor determining the incidence of infection and percentage of stump surface area colonized [33] [34] [35] . In the present study, no quantitative measure of spore deposit was performed. However, the high infection rates indicate that the airborne spore concentrations were sufficiently high to cause infections of small-diameter stumps. In Latvia, the high-risk season for Heterobasidion infection is, on average, 6 months in length [36] .
In addition to availability of spore inoculum, stump size is an important factor influencing success of stump infection; the bigger the stump, the higher the risk of spore infection [37] . The positive correlation between stump diameter and proportion of infected stumps was also apparent in our study. However, the relationship between stump diameter and infection frequency was more pronounced among the smallest stumps with a diameter of less than 6 cm. When stump diameter exceeded 6 cm, the infection frequency was high, over 80%, and not affected by stump diameter. A similar result was reported in a young Norway spruce plantation in Denmark, where the proportion of infected stumps stabilized at over 80% when stump diameter was above 8 cm [27] .
To our best knowledge, there are no previous studies focused on the susceptibility of small stumps of suppressed understory spruce trees to Heterobasidion spore infection. However, several investigations have reported the infection frequency of small stumps of non-suppressed spruce trees resulting from pre-commercial thinning in even-aged Norway spruce stands. In Denmark, approximately 65% of the stumps of planted non-suppressed spruce trees with stump diameters between 2 and 10 cm were infected by Heterobasidion spores four years after cutting [27] . In Sweden, the proportion of infected spruce stumps has been somewhat lower, such that on average, 55% of Norway spruce stumps 2.4-14.4 cm in diameter were infected by Heterobasidion spores after two months [30] . In late pre-commercial thinning of Norway spruce, the frequency of Heterobasidion spore infection of spruce stumps in size classes 5-6.9, 7-8.9, and 9-10.9 cm, was ca. 39%, 59%, and 67%, respectively [29] . In Latvia, an average of 25% of Norway spruce stumps (diameter of 2-12 cm) were infected by Heterobasidion spores [31] . In comparison to these reports, the infection frequency in our study-where an average of 68% of small, suppressed spruce stumps less than 11 cm in diameter were infected-appears to be higher than the infection frequency of non-suppressed spruce trees of similar size. Although the stump infection rates in the present and previously mentioned studies are not fully comparable due to possible differences in environmental conditions, as well as in the spore load of both Heterobasidion and competitive fungi at the time of cutting, our study shows that stumps of suppressed spruce trees might be extremely prone to Heterobasidion infection. Unfortunately, no stumps of free-growing, non-suppressed spruce trees were available in our experimental stands to compare stump infection rates between suppressed and non-suppressed spruce trees under the same conditions.
Stump infection by Heterobasidion spores is also affected by wood properties, including wood moisture content. Moisture of the stump wood might be a critical factor determining whether sapwood, heartwood, or the border zone between them is the most favorable area for successful spore infection [37] [38] [39] . In our study, the age of understory trees at the time of cutting varied from 35 to 68 years and contained heartwood, despite their small size. In the studied stumps, Heterobasidion infections were particularly confined to the boundary between sapwood and heartwood, where the moisture conditions were evidently most favorable for Heterobasidion spores to germinate [9, 38] . It is not known whether small spruce stumps containing exclusively moist sapwood are equally vulnerable to spore infection under the same external conditions. In young planted spruce trees, the moist juvenile wood might restrict the successful establishment of Heterobasidion infection [40] . In addition, inoculation experiments on Sitka spruce have shown that after cutting, stump heartwood remains susceptible to Heterobasidion spore infection longer than sapwood [41] . Thus, stumps of suppressed trees might be predisposed to spore infection for a longer time after felling compared to stumps of free-growing spruce trees. Under different environmental conditions, however, the situation may be different. Under drier external conditions, moister sapwood in free-growing trees may be more favorable for spore infection than drier heartwood.
In contrast, Gunulf et al. [32] found that the probability of spore infection was higher in small Norway spruce stumps with wider year rings, compared to stumps of the same size with narrower year rings. This would indicate that small stumps of slow-growing understory spruce trees would be less susceptible to Heterobasidion spore infection than stumps of fast-growing dominant or co-dominant trees. In addition, Morrison [42] and Gibbs et al. [43] reported that large diameter trees with wide growth rings were more susceptible to Heterobasidion spore infection. The reason that our results do not necessarily support these findings may be due to the previously mentioned differences in the external conditions affecting stump moisture and therefore infectivity of stump wood.
Stump size affects not only the success of stump infection but also the subsequent spread of Heterobasidion mycelia to surrounding trees. The potential for secondary expansion of Heterobasidion increases with increasing stump diameter [44] . In small-sized stumps, it is very likely that the proportion of infected stumps will decrease over time [45] [46] [47] , and some of the stumps may desiccate before the fungus infects adjacent trees. Although occurrence of heartwood in Norway spruce stumps may not be a prerequisite for secondary spread of Heterobasidion mycelium from stump to tree [32] , heartwood is the preferred growth substrate for Heterobasidion mycelium in spruce wood [48, 49] . Thus, heartwood formed in suppressed trees may facilitate the secondary spread of Heterobasidion. Moreover, the clonal studies carried out in Finland have shown that transfer of Heterobasidion root rot from tree to tree can have a significant role in spreading disease in dense groups of suppressed understory spruce trees [26] .
Both the primary infection and the development of Heterobasidion are significantly affected by P. gigantea, which is also a primary colonizer of conifer stumps [34, 50] . In our study, the average infection frequency of P. gigantea among analyzed stumps was low (only 4%), as well as the area occupied by P. gigantea (3.3 cm 2 ). Similar results have been obtained in Sweden [51] , where the average area occupied by P. gigantea after 9 months was 4 cm 2 in stands with heavy Heterobasidion infection (60% in one stand and 100% in two other stands). Research in Latvia has shown that P. gigantea affected the development of Heterobasidion in spruce stumps if the area covered by P. gigantea was more than 10% stump surface area [52] . It is evident that in our study, the incidence of Heterobasidion spore infection was not significantly limited by natural competition by P. gigantea.
Conclusions
The results of our study indicate that small-diameter stumps of suppressed understory spruce trees are highly susceptible to Heterobasidion spore infection, possibly even more susceptible than stumps of free growing spruce trees of the same size. Thus, small understory stumps may play a significant role in the development of Heterobasidion root rot in naturally regenerated Norway spruce forests. However, further studies are needed to determine to what extent the small stumps are able to transfer disease into the residual trees. Under Latvian conditions, natural infection of understory stumps by P. gigantea was not sufficient to reduce Heterobasidion infections. According to our results and evidence currently available, artificial stump treatment with P. gigantea or urea in cuttings of understory spruce trees during the sporulation period of Heterobasidion spp. seems to be necessary, especially to prevent spread of Heterobasidion root rot into previously healthy Norway spruce sites. 
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